Responses of low-frequency neurons in the inferior colliculus (IC) of anesthetized guinea pigs were studied with binaural beats to assess their mean best interaural phase (BP) to a range of stimulating frequencies. Phase plots (stimulating frequency vs BP) were produced, from which measures of characteristic delay (CD) and characteristic phase (CP) for each neuron were obtained. The CD provides an estimate of the difference in travel time from each ear to coincidence-detector neurons in the brainstem. The CP indicates the mechanism underpinning the coincidence detector responses. A linear phase plot indicates a single, constant delay between the coincidencedetector inputs from the two ears. In more than half (54 of 90) of the neurons, the phase plot was not linear. We hypothesized that neurons with nonlinear phase plots received convergent input from brainstem coincidence detectors with different CDs. Presentation of a second tone with a fixed, unfavorable delay suppressed the response of one input, linearizing the phase plot and revealing other inputs to be relatively simple coincidence detectors. For some neurons with highly complex phase plots, the suppressor tone altered BP values, but did not resolve the nature of the inputs. For neurons with linear phase plots, the suppressor tone either completely abolished their responses or reduced their discharge rate with no change in BP. By selectively suppressing inputs with a second tone, we are able to reveal the nature of underlying binaural inputs to IC neurons, confirming the hypothesis that the complex phase plots of many IC neurons are a result of convergence from simple brainstem coincidence detectors.
Responses of low-frequency neurons in the inferior colliculus (IC) of anesthetized guinea pigs were studied with binaural beats to assess their mean best interaural phase (BP) to a range of stimulating frequencies. Phase plots (stimulating frequency vs BP) were produced, from which measures of characteristic delay (CD) and characteristic phase (CP) for each neuron were obtained. The CD provides an estimate of the difference in travel time from each ear to coincidence-detector neurons in the brainstem. The CP indicates the mechanism underpinning the coincidence detector responses. A linear phase plot indicates a single, constant delay between the coincidencedetector inputs from the two ears. In more than half (54 of 90) of the neurons, the phase plot was not linear. We hypothesized that neurons with nonlinear phase plots received convergent input from brainstem coincidence detectors with different CDs. Presentation of a second tone with a fixed, unfavorable delay suppressed the response of one input, linearizing the phase plot and revealing other inputs to be relatively simple coincidence detectors. For some neurons with highly complex phase plots, the suppressor tone altered BP values, but did not resolve the nature of the inputs. For neurons with linear phase plots, the suppressor tone either completely abolished their responses or reduced their discharge rate with no change in BP. By selectively suppressing inputs with a second tone, we are able to reveal the nature of underlying binaural inputs to IC neurons, confirming the hypothesis that the complex phase plots of many IC neurons are a result of convergence from simple brainstem coincidence detectors.
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Localization of low-frequency (Ͻ1500 Hz) sounds in azimuth is based on the sensitivity of the auditory system to small differences in the timing of the sound at each ear (Rayleigh, 1907) . At low frequencies, these time differences give rise to interaural phase differences (I PDs). Neurons in the medial superior olive (MSO) of the superior olivary complex (SOC) receive excitatory input from both ears via axons of different lengths, providing the basis for a mechanism first proposed by Jeffress (1948) , in which a series of coincidence detectors, fed by delay lines, convert interaural time differences (I TDs) into changes in neuronal discharge rate (Goldberg and Brown, 1969; Yin and Chan, 1990; Semple, 1995, Batra et al., 1997) . In this simple model, coincidences result in maximal or peak discharge rates (peaktype). The difference in the conduction time from each ear [the characteristic delay (CD)] offsets the time delay caused by the sound source location. The CD can be estimated from the slope of the f unction relating best interaural phase to stimulus frequency (the phase plot) which, for simple coincidence detectors, is a linear f unction. Other neurons, either in the MSO or in the lateral superior olive (L SO) are believed to receive excitation from one ear and inhibition from the other to produce sensitivity to interaural time differences (Goldberg and Brown, 1969; Finlayson and C aspary, 1991; Batra et al., 1997; Joris, 1996) : coincidental arrival of the activity from contralateral ear inhibits the response elicited by the ipsilateral ear to give a CD at a minimum in the discharge rate (trough-type).
Although the SOC is the primary site of binaural interactions, the inferior colliculus (IC; the target nucleus for the brainstem neurons) has been the subject of the majority of studies of low-frequency binaural hearing (Yin and Kuwada, 1983a,b; Kuwada et al., 1987 Kuwada et al., , 1989 Palmer et al., 1990 , McAlpine et al., 1996 . Many IC neurons show either nonlinear phase plots or linear phase plots whose CD is at neither a peak nor a trough in the delay function (intermediate-type) . Such phase plots are incompatible with simple coincidence detection when the inputs are matched in frequency. A likely explanation for their appearance in the IC is the convergence of inputs from the lower brainstem nuclei onto single IC neurons (Beyerl, 1978; Adams, 1979; Brunso-Bechtold et al., 1981) .
Here, we investigate whether such convergence provides an adequate explanation for nonlinear and intermediate-type phase plots in the IC. By selectively inactivating inputs to an IC neuron using a suppressor tone, we can reveal the delay characteristics of its other inputs. The data are consistent with the hypothesis that nonlinear and intermediate-type phase plots result from convergence, at the level of the IC, of inputs from coincidence detectors in the lower brainstem. After selective suppression, the neurons often showed linear phase plots, indicative of simple peak-type or trough-type behavior.
MATERIALS AND METHODS
Preparation and recording. Recordings were made from the right IC of 300 -400 gm guinea pigs anesthetized with Urethane (1.3 gm / kg in 20% solution) with additional analgesia obtained using phenoperidine (1 mg / kg). A premedication of atropine sulfate (0.06 mg / kg) was administered to reduce bronchial secretions. Supplementary doses of Urethane (one-half to one-third of the induction dose) or phenoperidine were administered when required. All animals were tracheotomised, and core temperature was maintained at 37°C with a heating blanket and rectal probe. Most animals respired spontaneously, but a few were artificially respired with 95% O 2 and 5% C O 2 , and end-tidal C O 2 was monitored.
All experiments were conducted in a sound-attenuating chamber. The animals were placed in a stereotaxic frame with hollow earbars into which fitted 12.7 mm Brüel and Kjaer condenser earphones, and 1 mm probe tubes fitted to 12.7 mm Brüel and Kjaer microphones. In every experiment the probe tube microphone was used to calibrate the sound system in decibels re: 20 Pa a few millimeters from the tympanic membrane. The sound systems for each ear were flat to within Ϯ5 dB from 100 -10,000 Hz and were matched to within Ϯ2 dB.
A silver wire electrode was placed on the round window of one side via a hole in the posterior aspect of the bulla, and the threshold of the cochlear action potential evoked by short tone pips (10 msec duration, 1 msec rise -fall time) was measured automatically as a f unction of frequency (from 500 -30,000 Hz) periodically throughout the experiment to monitor the condition of the cochlea. A thin (0.5 mm diameter) polythene tube was sealed into the bulla of both sides to provide pressure equalization while maintaining closed-field recording conditions. Threshold elevations were generally either caused by deterioration of the preparation, which affected both ears equally, or build-up of fluid in the bulla. Given that the presence of the silver wire was a major cause of condensation and capillary action in causing the fluid build-up, monitoring of one ear only to detect systemic changes was considered sufficient.
Single-neuron action potentials were recorded using tungsten-in-glass microelectrodes (Merrill and Ainsworth, 1972; Bullock et al., 1988) . After positioning the electrode stereotaxically to ϳ2 mm above the surface of the IC, it was advanced in a dorsal-to-ventral direction using a Burleigh I W-700/710 Inchworm from outside the recording chamber.
Stimulus production and presentation. Stimuli were delivered separately to each ear via attenuators and closed-field sound systems. Search stimuli consisted of 50 msec bursts of white noise presented diotically. When a single neuron was isolated, its best frequency (BF) and threshold to binaural tones at zero interaural delay were determined audiovisually. The binaural frequency versus level response area of the neuron was then mapped for frequencies from two octaves above to four octaves below the BF of the neuron and in 5 dB steps from 20 dB below the audiovisually determined threshold at BF up to f ull-system output.
Binaural beats were used to examine the interaural delay sensitivity of IC neurons. Binaural beats are produced when tones of different frequencies are presented, one to each ear, using closed-field speakers (Yin and Kuwada, 1983a) . The frequency difference causes the tones to move in and out of phase with each other, and the rate at which this occurs, equal to the frequency difference between the two tones, is known as the beat frequency. In the present study, the signal delivered to the left ear (contralateral to the recording site) was always 1 Hz greater than that delivered to the right (ipsilateral) ear. This resulted in the phase at the contralateral ear "leading" that at the ipsilateral ear during the first half-cycle. The total duration of each beat stimulus was 3000 msec and, with the entire range of possible I PDs being presented over each 1000 msec interval (1 Hz), this produced three complete cycles of I PD for every repetition of the beat stimulus. Ten repetitions of the three-cycle beat stimulus were presented, and the mean best phase (BP) and the vector strength (R) of the response to binaural beats, binned using 100 bins per cycle of I PD, were calculated from the middle two cycles of the beat response (from 0.5 to 2.5 cycles), using the method described by Goldberg and Brown (1969) . The plots of the resulting I PD f unctions were binned using 50 bins per cycle of I PD for the sake of clarity. Binaural beats were presented over a range of different carrier frequencies, including BF, to examine the delay sensitivity as a f unction of the stimulating frequency. The number of frequencies examined ranged from 7 to 24, with a mean of 12 frequencies examined per neuron. Responses to binaural beats were measured at 50 Hz intervals, except for neurons with very low BFs (Ͻ200 Hz), in which responses were measured at 25 Hz intervals. From the responses at each frequency, the CD and characteristic phase (C P) values of the neurons were calculated. The CD is calculated as the slope of the plot of stimulating frequency versus BP, and the C P, the intersection of the regression line with the phase (ordinate) axis, gives an indication of the type of interaction. CD and C P values were obtained from the weighted, multiple regression of the resulting phase plots in a similar manner to that described by Kuwada et al. (1987) and Spitzer and Semple (1995) , in which each data point in the phase plot was weighted by the vector strength of the response (Bevington and Robinson, 1992) . Phase plots were considered linear if the linear regression component exceeded the 0.005 level of significance, and no other higher-order regression component was significant at this level. A C P close to zero indicates that the CD occurs near the peak of the delay f unction, a C P close to 0.5 indicates that the CD occurs near a trough in the delay f unction, and a C P between these values indicates that the CD occurs on the slope of the delay f unction (Rose et al., 1966; Yin and Kuwada, 1983b) . Neurons with C Ps within Ϯ0.1 cycles of zero or 1.0 were classified as peak-type, and those with C Ps within Ϯ 0.1 cycles of Ϯ 0.5 were classified as trough-type. All other neurons were classified as intermediate-type.
Suppressing binaural inputs with a worst-delay tone. Responses to binaural beats were also examined in the presence of a second tone with a fixed delay, chosen to suppress selected binaural inputs. The second, suppressing tone was presented at the same level as the binaural beat stimulus (usually ϩ20 dB re: threshold). The frequency was chosen by visual inspection of the phase plot to be (1) effective in driving the neuron at some I PD and (2) within a relatively linear region of the phase plot. The fixed delay for the tone was selected to be the delay at which the neuron responded least (i.e., its worst, or most unfavorable, delay) judged from its binaural beat response at that frequency. The suppressor tone was presented simultaneously (summed electronically) with the binaural beat stimulus that was used to measure the delay sensitivity to the other frequencies. The BP and vector strength were again calculated from the middle two cycles of the response to the beats in the presence of the suppressor and, where possible, values of CD and C P were obtained.
RESULTS
Responses from 90 delay-sensitive neurons in the IC of 30 guinea pigs were examined using binaural beats. Phase plots for representative IC neurons are shown in Figure 1 . Those on the top row (Figs. 1 A-C) were linear according to our criterion and, thus, could be characterized by a single fixed delay, the CD. Forty percent (36 of 90) of IC neurons we recorded had linear phase plots; 22 neurons were peak-type ( Fig. 1 A) , 2 were trough-type ( Fig. 1 B) , and 12 were intermediate-type (Fig. 1C) . Those in the bottom row (Figs. 1 D-F ) are nonlinear and, as such, cannot be described as having a CD; the regression lines fitted to these plots serve merely to highlight the extent to which the phase plot deviated from linearity. Nonlinear phase plots accounted for 60% (54 of 90) of neurons recorded in our study. Thus, only 27% (24 of 90) of our sample had phase plots explicable in terms of simple brainstem coincidence detection (i.e., peak-type or trough-type).
We hypothesize that neurons with complex or intermediatetype phase plots receive convergent input from more than one binaural coincidence detector in the brainstem. The top part of Figure 2 illustrates this hypothesis and the effect that it has on ITD processing in the IC. The diagram on the left of the panel is a schematic representation of two binaural inputs from the brainstem converging onto the same IC neuron in the midbrain. Shown in the middle of the top part are individual frequency versus level response areas of the brainstem inputs, as well as that of the IC neuron, whose response area is the combined response area of the two inputs. The IPD functions on the right illustrate the IPD sensitivity in response to a binaural beat at a particular frequency and level (solid dot inside response areas), for the two brainstem neurons, and the IPD sensitivity of the IC neuron which, once again, reflects the sum of the two inputs. It is this combining of IPD sensitivity from different binaural brainstem inputs that we hypothesize is responsible for the appearance of complex or intermediate-type phase plots. The bottom part of Figure 2 illustrates how this hypothesis might be tested. The schema is the same as in the top part of Figure 2 , except that now another stimulus has been added. This stimulus, denoted by an asterisk in the response areas, is a tone fixed at its worst ITD, and it sits inside the response area of one of the brainstem inputs only. In the ideal scenario, the presumed effect is to suppress the response of that brainstem input. It thus no longer influences the response of the IC neuron. This suppression is reflected in the response of the IC neuron to binaural beats, which now shows the same IPD sensitivity as the remaining, unsuppressed brainstem input.
We tested our hypothesis by examining the responses of 42 IC neurons to concurrent presentation of suppressor tones and binaural beats. Of these, 37 of 42 were defined as "complex," having either nonlinear or intermediate-type phase plots, and 5 were "pure," having either peak-type or trough-type phase plots. Figure 3 shows responses from an IC neuron to binaural beats at 62 dB sound pressure level (SPL). The neuron responded to binaural beats at this stimulus level from 100 to 275 Hz, and responses were obtained at 25 Hz intervals. The resulting phase plot (Fig. 3A) indicates a CD of ϩ853 sec and a C P of Ϫ0.02, characteristic of peak-type units. The discharge of the unit to binaural beats as a f unction of time is shown as a peristimulus time histogram (PSTH) in Figure 3C for binaural beats at 225 Hz, in which responses to binaural beats presented alone are shown by the open bars. Because the stimulus is a 1 Hz binaural beat, the abscissa performs the f unction of both a time and an I PD axis; 3 sec of stimulus equates to three complete cycles of I PD. The open bars in Figures 3D-F show I PD histograms of the response at three frequencies: 225 (Fig. 3D , the same data as in Fig. 3C ), 200 (Fig. 3E) , and 250 (Fig. 3F ) Hz. Finally, the data from all the different frequencies that contributed to the phase plot are plotted in Figure 3B as a f unction of the interaural delay and indicate that the delays of the maxima at each frequency are closely aligned. When a 250 Hz suppressor was presented at its worst delay (ϩ2674 sec) and 62 dB SPL, no responses were evoked at any of the frequencies tested (125, 150, 172, or 225 Hz) . This reflected the general ease with which we were able to suppress responses to binaural beats using worst delay tones. When a 125 Hz suppressor was presented at its worst delay (ϩ4489 sec) and 62 dB SPL, responses to binaural beats were evoked at 200, 225, and 250 Hz, but not at any other frequencies. These responses are shown as lines in Figures 3C-F . Clearly, they are attenuated relative to the response to the binaural beats alone. A similar pattern was observed for the other pure peak-type neurons examined. Responses were very poor, or completely absent, when a suppressor tone was presented simultaneously at the same stimulus level. Figure 3G replots the phase plot of Figure 3A A similar reduction in discharge without altering the BP is shown in Figure 4 for a linear, trough-type neuron; CP, 0.50; CD, Ϫ298 sec (Fig. 4 A, phase plot) . The CD is indicated on the ITD functions in Figure 4 B by the vertical line. The PSTHs in Figure  4C show the response to three cycles of a 1 Hz binaural beat at the BF of the neuron (478 Hz the discharge rate evoked by binaural beats was progressively reduced to that at the trough until, for the highest level suppressor (66 dB SPL; Fig. 4G ), the neuron was not sensitive to the IPD. However, despite the progressive reduction in the discharge rate with increasing suppressor level, the BP to the 478 Hz beats remained unaltered (Fig. 4 H) .
IC neurons with linear peak-type or trough-type phase plots

Convergence of peak-type inputs
In Figure 5A , the phase plot shows that, for this neuron, BP first increased for frequencies up to 500 Hz, but then decreased with increasing frequency up to 800 Hz. Although fitting a single regression line to these data points gives a CD of ϩ100 sec and a CP of 0.06 (indicating a peak-type input), the linear fit is not significant at the 0.005 level. Alternatively, fitting two lines to the phase plot (Fig. 5B) gives two values of CD; a peak-type response (CP, Ϫ0.08) with a CD of ϩ471 sec over the lower-frequency region (250 -500 Hz) and an intermediate-type response (CP, ϩ0.22) with a CD of Ϫ134 sec over the upper-frequency region (500 -800 Hz, open circles). Neither approach is entirely satisfactory: either the IC neuron receives a single peak-type input with a poor linear fit, or it receives two inputs, one a peak-type and one an intermediate-type. The two linear fits independently meet our statistical criterion for linearity, but one is not consistent with simple coincidence detection. An alternative hypothesis is that two or more simple binaural inputs converge onto the IC neuron to produce the complex phase plot. As we demonstrate below, suppressing one input produces data consistent with this hypothesis. Figure 5C shows the PSTH of the responses to three cycles of the 1 Hz binaural beats at 500 Hz either presented alone (open bars) or presented with a 300 Hz suppressor at worst delay (lines). At ϳ300 Hz, the phase plot (Fig. 5B ) is linear with a slope suggesting a single peak-type input, which dominates that frequency region. From the period histograms in Figures 5D-G , it is clear that the effect of the 300 Hz suppressor on the response of the neuron to binaural beats was frequency dependent. At 500 Hz, the discharge rate was reduced (Fig. 5D, compare line with open bars), and the peak response occurred earlier, resulting in a shift in the BP (Fig. 5H, open circles) . This shift was significant using a modified t test at the p Ͻ 0.05 level. We infer from this that the response of the lower-frequency input that contributes at 500 Hz is reduced by the suppressor, and the response is then dominated by a second, putative input. Both the reduction in discharge rate and the change in BP decreased as the frequency moved away from that of the suppressor until, at 650 Hz (Fig. 5G) , neither the discharge rate nor the BP response was altered by the addition of the suppressor. The new BP values for the four retested frequencies in Figure 5H align with those over the upper-frequency region of the original phase plot. Under the influence of the suppressor, instead of showing intermediate-type behavior with a negative slope (Fig. 5B) , the upper-frequency data indicate a peak-type input (CP, ϩ0.02) with a CD of ϩ126 sec.
A further example is shown in Figure 6 . The phase plot of this neuron met the criterion for a linear peak-type response (CP, ϩ0.06) with a CD of ϩ294 sec (Fig. 6 A) . However, a detailed analysis of its responses with and without suppression reveals evidence of more than one binaural input. Figure 6 B indicates that the delay f unctions did not align around the peak in the discharge rate (compare Fig. 3B ). The lowest two frequencies (Fig. 6 B, delay f unctions with open circles) had almost identical best delays, as calculated using the vector-averaging method (ϩ670 sec to within a couple of microseconds). However, the peaks of the delay functions at other frequencies did not align at this delay, despite the obviously strong delay tuning at each frequency. The upper-frequency region (400 -600 Hz), depicted by filled circles in Figure 6 B, was closely aligned around ϩ400 sec, whereas the intermediate frequencies showed peaks of their delay functions (no symbols) between ϩ550 and ϩ394 sec. When a 600 Hz suppressor was presented, and the middle-frequency range was reexamined (Fig. 6C-H,  lines) , the BP values (Fig. 6 I, open circles) shifted upwards to align with those of the lowest two frequencies producing a peak-type response (CP, Ϫ0.02) with a CD of ϩ762 sec over the lowerfrequency region (150 -400 Hz). The delay functions for these frequencies are shown in Figure 6 J. Linearity analysis of the BP values over this region (150 -400 Hz) revealed that when binaural beats were presented alone, this region alone was not linear (i.e., not significant to the p Ͻ 0.005 level), but when the suppressed BP values between 250 and 400 Hz were used in the analysis, the 150 -400 Hz region met the linearity criteria. Using a 200 Hz suppressor, responses were, to a lesser extent, shifted in the opposite direction (Figs. 6G,H, gray bars; Fig. 6 I, crosses) to align more with BPs over the upper-frequency range (450 -600 Hz). Over a local, high-frequency region of the phase plot, the data were consistent with a second peak-type input (C P, Ϫ0.01), having a CD of ϩ421 sec Ͼ350 -600 Hz (Fig. 6 K, I TD functions). Note that the CDs of the putative inputs exposed by the suppression are both longer than that of the combined phase plot in Figure 6 A. Figure 7 shows data from an IC neuron with a complex phase plot (Fig. 7A) . PSTHs or period histograms to binaural beats alone ( Fig. 7C-H, open bars) indicate that the response to each cycle of I PD was dominated by a main peak in the discharge rate, but, at most frequencies, there was also a strong second "lobe" of activity evoked during each cycle. The second lobe had the effect of shifting mean BP values upwards and away from those that would be predicted by the main response peak of the discharge pattern alone. This main response peak dominated the response for frequencies at either end of the phase plot and was consistent with an underlying peak-type input (Fig. 7B, I TD f unctions). Lines in Figure 7C -H show responses to binaural beats in the presence of a 400 Hz suppressor, a frequency at which the response was dominated by the main peak of the response (data not shown). In the presence of the suppressor, BP values were shifted dramatically upwards to give a trough-type response (C P, ϩ0.41), with a CD of ϩ138 sec (Fig. 7I, open circles) . Figure 7J shows I TD f unctions constructed from the response to binaural beats ϩ suppressor, clearly demonstrating the revealed trough-type behavior. Subtracting the revealed trough-type I TD f unctions in Figure 7J from the original I TD f unctions in Figure 7B leaves I TD f unctions (Fig. 7K ) that reflect the peak-type response evident in the original f unctions, shifted downwards as a result of the elevated baseline response in Figures 7C-H . The gray bars in Figure 7 , C and D, indicate a repeat measure of the response to binaural beats alone, obtained after the response to binaural beats and the suppressor indicating that the responses were stable over time.
Convergence of peak-type and trough-type inputs
Thus, the most parsimonious explanation of the complex phase plot of Figure 7A is convergence from a peak-type input and a trough-type input from the brainstem onto a single neuron in the IC.
Convergence explains linear intermediate-type phase plots
One class of linear phase plot that requires explanation because it is inconsistent with the simple coincidence detection model is the intermediate-type. As with linear peak-type and trough-type phase plots, intermediate-type phase plots are characterized by a CD, but one that occurs somewhere between the peak and the trough of the delay function. Figure 8 shows responses from an IC neuron with an intermediate-type phase plot (Fig. 8 A, CP, ϩ0.35 ) and a CD of Ϫ112 sec. The PSTH (Fig. 8C , BF response) and the IPD histograms (Figs. 8 D-H ) to binaural beats and the I TD functions (Fig. 8 B) provide an explanation for this behavior. As with the example in Figure 7 , there is a secondary lobe of activity that shifted mean BP values away from those associated with the peak-type behavior of the major peak in the response. Unlike the previous examples, there are no parts of the phase plot that are indicative of simple peak-type or trough-type behavior. This suggests that the responsive areas of the putative inputs to this IC neuron are completely overlapping. Nevertheless, suppression with a 450 Hz tone revealed evidence of a peak-type input for this neuron. The lines in Figures 8C-H indicate that the suppressor The dotted regression line at the bottom of the phase plot indicates a possible slope for the putative peak-type input, the input that dominates the frequencies at either end of the phase plot. J, I TD f unctions of the revealed trough-type input. K, I TD f unctions of the main peak-type input, derived by subtracting the ITD functions of the trough-type input in part J from the I TD f unctions in part B.
abolished the main peak of the response, leaving a peak-type input (Fig. 8 I, open circles) with a CP of ϩ0.96 and a CD of Ϫ1644 sec. This is confirmed by the I TD f unctions in Figure 8 J. When a 200 Hz suppressor was used, BP values were shifted in the opposite direction (Fig. 8 I, crosses) , toward values consistent with the main peak in the I TD f unctions, although this shift was not enough to produce a peak-type phase plot. Subtracting the ITD functions in Figure 8 J from those in Figure 8 B produces the ITD functions in Figure 8 K, which provides supporting evidence that a peak-type input is present. Figure 9 shows a second example of a neuron with an intermediate-type phase plot (Fig. 9A) , having a C P of ϩ0.20 and a CD of ϩ102 sec. For this neuron, the PSTH (Fig. 9C) and the I PD histograms in response to binaural beats (Figs.  9D-H ) show only a single peak in the discharge rate for each cycle of I PD; unlike in Figure 8 , there is no secondary lobe of activity influencing the mean BP values. Responses to binaural beats were reexamined in the presence of a 100 Hz suppressor. At the lowest frequency examined (150 Hz), the response was completely demodulated, and no I PD-sensitive component was evident. However, as the frequency was increased, the response became increasingly I PD-sensitive, and the BP was shifted toward lower I PD values, such that I PDs that previously evoked no activity now strongly activated the neuron in the presence of the suppressor (Fig. 9C-H, lines) . The higher frequencies indicated peak-type behavior (C P, ϩ0.03 over the range of 350 -550 Hz), with a CD of ϩ210 sec. We suggest that this IC neuron receives a delay-sensitive inhibitory input that counters an excitatory input. At the lowest frequencies (up to 300 Hz), the suppressor tone is only partially successf ul in suppressing the inhibitory input and, as a result, BPs (Fig. 9I,  open circles) were only partially shifted. For frequencies Ͼ300 Hz, however, the suppression of the inhibitory input was complete, and BPs were shifted to indicate a peak-type. This explanation is supported by Figure 9J , which shows I TD f unctions for those frequencies Ͼ300 Hz in Figure 9I . The ITD f unctions are clearly symmetrical around a peak (at ϩ210 sec) in the discharge rate, and this accounts for the peak-type behavior. A possible explanation for this behavior is that excitatory and inhibitory inputs, whose frequency representation overlaps completely, are present. The possibility of this scenario existing in the IC, which is consistent with recent explanations by other researchers, is examined f urther in the Discussion. Responses of the population of IC neurons to suppressive tones Table 1 summarizes the initial phase plots that were observed for the 43 neurons examined with the suppressor tone and the inputs revealed after suppression. The number of neurons in each category of initial phase plot is indicated at the head of each column. Of the 37 complex (intermediate-type or nonlinear) neurons examined with the suppressor method, we were able to demonstrate for 46% (17 of 37) of them the existence of at least one input that accorded with the Jeffress model of coincidence detection. However, for neurons in which we were unable to demonstrate unequivocally the presence of a simple input, changes nevertheless were observed. These neurons are categorized as having "no resolution" in the bottom row of Table 1 . Changes such as these fell into three main categories. The first category contained those neurons for which shifts in responses were observed over a range of frequencies, but although the change was in the direction of a peak or trough, the simple response type was not fully resolved. A common observation with these neurons was that increasing the level of the suppressor in an attempt to remove more of the response of one putative input often had a completely suppressive effect, either demodulating the response completely or reducing the response to the baseline. Thus, for a further 19% (7 of 37) of neurons we judged the change to be consistent with evidence of a simpler underlying input. In each case, the change was toward that expected of a peak-type response, but no definitive classification of type was assigned. In the second category, changes were seen at one or two frequencies that looked to be consistent with a single input (i.e., one peak of a multipeaked response was abolished), but no consistent evidence of change was observed at other frequencies. Again, by increasing the level of the suppressor, the response was usually abolished completely without revealing a simple input. In the third category, responses were complex to start with and, after suppression with a worst-delay tone, remained complex throughout, despite changes at some frequencies.
DISCUSSION
We have demonstrated that nonlinear and intermediate-type linear phase plots of IC neurons are consistent with summation of binaural inputs from simple brainstem coincidence detectors, as suggested previously (Yin et al., 1986 (Yin et al., , 1987 Kuwada et al., 1987; Batra et al., 1989) . Because even those IC neurons whose phase plots are linear by our criteria may receive convergent binaural input, detailed analyses are required to judge whether single or multiple inputs to an IC neuron are present. The novel aspect of the current study is the selective suppression of one of the putative convergent inputs to the IC to reveal the characteristics of the remaining inputs.
Using suppressor tones to determine the binaural inputs to IC neurons
The effect of suppressor tones on peak-type neurons with linear phase plots (Figs. 3, 4 , reduced discharge rate without a shift in BP) is quite difficult to explain. If the addition of the suppressor tone merely introduced extra spikes by linear superposition (Yin et al., 1986 (Yin et al., , 1987 , the response of the binaural processor to binaural beats would not be reduced. Rather, the extra spikes should coincide with spikes caused by the beat at all delays. Thus, there would be a demodulation of the beat response with discharge rates in the troughs increasing without a change in discharge rate at best delay. This is not observed. Because the stimulus to each ear is a two-tone complex, the effect may reflect the action of two-tone suppression on the discharge of auditory nerve fibers (Arthur et al., 1971 ): a second tone below BF could reduce the number of spikes from each ear reaching the coincidence detector. Alternatively, rather than a simple reduction in the number of spikes evoked, synchrony capture (or synchrony suppression; Rose et al., 1967 Rose et al., , 1974 Javel, 1981) may lead to increased effectiveness of the suppressor over the binaural beat. Certainly, a synchrony-capture argument appears sufficient for the trough-type neuron shown in Figure 4 . Here, the suppressor dominates the synchronization at the input of the coincidence detector and reduces the discharge rate for all IPDs to that at the trough IPD.
It seems unlikely that two-tone suppression could explain all of the phase shifts we have observed in the absence of convergent input to the IC. If the suppressor caused complete synchrony capture in the auditory nerve (Rose et al., 1967; Javel, 1981) , there would have been no response to the binaural beat and, hence, no best IPD. Alternatively, if the suppressor had no effect on synchronization to the beat component, the best IPD would be unaffected. Between these extremes, where both tones are represented, synchrony suppression might have a role to play. However, in these experiments there was no fixed phase relation between the suppressor and the binaural beat tones because of the large frequency difference. Therefore, systematic phase shifts in a particular direction are unlikely.
It appears that two-tone suppression cannot explain effects in the absence of convergence beyond the coincidence detectors. However, if we assume convergence, synchrony capture may be important for switching off one of the inputs to the IC. Both binaural beat and suppressor will activate inputs whose response areas overlap, but the more effective tone will dominate the phase locking to the exclusion of the other (Rose et al., 1967; Javel, 1981) . Thus, the input to the "suppressed" SOC neuron will be dominated by the anti-phase suppressor tone and hardly affected by the binaural beat tone.
Our ability to deconstruct complex phase plots of IC neurons into simpler phase plots that reflect the underlying inputs from brainstem nuclei is critically dependent on being able to suppress selectively an input, while leaving other inputs largely intact. The columns show the classification of the initial phase plots for 42 neurons examined using the suppression technique. The rows indicate the effect of the suppressor tone on the phase plot in revealing the underlying inputs that contribute to the phase plots observed. Single peak-type and single trough-type classifications indicate that the nature of only one input was revealed.
Initially, we chose suppressors from a local region of the phase plot that showed peak-type or trough-type behavior, i.e., in which the response locally is characteristic of simple coincidence detection. In such cases, the suppressor often completely suppressed one input to reveal another peak-type or trough-type input. However, even when suppressor was chosen from a linear frequency region that was not peak-type or trough-type, or was nonlinear, simple peak-type or trough-type inputs were often revealed.
Most f unctional studies of IC inputs have used pharmacological techniques (Faingold et al., 1991; Sally and Kelly, 1992; Yang et al., 1992; Kelly and Sally, 1993; Park and Pollak, 1993) over which the present method has some advantages. First, it is technically straightforward; it does not require any neuropharmacological agent to be delivered to either the IC or the nuclei that project to it, to block neurotransmitter release or destroy neurons. Second, it is reversible simply by switching off the second tone. Kainic acid lesions are irreversible, and neuropharmacological agents applied by iontophoresis require extensive recovery times. Third, the data are consistent with the hypothesis that the effect is site-specific. The presumed site for the effect of the suppressor tone is the SOC, specifically on those neurons that project to the IC neuron under study.
One disadvantage is that it may not always be possible to suppress completely any one of the inputs. This is particularly the case for some neurons with highly complex phase plots, or with linear, intermediate-type phase plots.
Sources of binaural projections to the IC
There are numerous binaural projections into the IC, including three direct projections: the ipsilateral MSO, the ipsilateral and contralateral L SO, and at least three indirect sources, including the ipsilateral and contralateral dorsal nucleus of the lateral lemniscus (DN L L) and the contralateral IC.
The most likely source of excitatory binaural inputs to IC neurons are the MSO and the L SO. MSO neurons are largely peak-type (Batra et al., 1995; Spitzer and Semple, 1995) , showing maxima in their delay f unctions at positive CDs (Yin and Chan, 1990) . In the present study, all linear peak-type neurons had positive CDs, consistent with a projection from the ipsilateral MSO. Neurons in the low-frequency lobe of the L SO, which projects to both contralateral and ipsilateral IC, may be either peak-type or trough-type (Joris and Yin, 1995) .
The data shown in Figure 9 suggested that inhibitory effects also play a role in shaping some phase plots. There are at least two sources of delay-sensitive inhibitory input to IC neurons. First, the L SO provides direct inhibitory synapses in IC (BrunsoBechtold et al., 1994; Oliver et al., 1995) . Second, IC neurons may receive inhibitory input from the DN L L, particularly highfrequency neurons sensitive to interaural level differences and to ITDs in the envelopes of high-frequency stimuli (K idd and Kelly, 1996) , and low-frequency neurons sensitive to I TD (Brugge et al., 1970 , Fitzpatrick et al., 1996 . However, whether the source of inhibition is direct or indirect, suppression probably occurs at the level of the primary binaural neurons in the SOC. In the case of binaural inhibitory inputs derived directly from the SOC, suppression reduces their output as well as their inhibitory effect in the IC. In the case of inhibition mediated through the an indirect pathway, suppression reduces the excitatory input, which in turn reduces any inhibitory effect on target neurons in the IC.
Interestingly, the form of the response shown in Figure 9 is remarkably similar to that suggested in a possible model for IC neurons that show "sawtooth" ITD functions . These authors suggested that DNLL inputs might sharpen the tuning of the IC neurons, effectively removing the excitatory responses at particular IPDs. Consistent with this, in Figure 9 , the effect of adding the suppressor was to expand the range of IPDs to which the neuron responded on one flank of the delay function only (compare Fig. 8 in Kuwada et al., 1997) . This supports our interpretation that the inhibitory input was suppressed to reveal the nature of the excitatory input.
Convergence and the role of delay-sensitive neurons in the IC
One possible role of convergence of delay-sensitive inputs from the brainstem onto IC neurons is the processing of auditory motion. Many neurons in the IC are sensitive to the depth and direction of dynamic IPD cues (Spitzer and Semple, 1993) , whereas most neurons in the MSO are not (Spitzer and Semple, 1992) . In addition, MSO neurons insensitive to dynamic IPD cues have phase-locked monaural inputs, consistent with them being primary binaural neurons, whereas the few MSO neurons that are sensitive to motion cues have nonphase-locked inputs (M. W. Spitzer and M. N. Semple, personal communication) , consistent with them receiving descending input, possibly from the IC. We are investigating the responses of IC neurons to binaural beats and auditory motion stimuli, using the second-tone paradigm to determine whether the enhanced sensitivity to motion depends on convergent input from brainstem coincidence detectors.
